The evolution of cis-regulatory elements is of particular interest for our understanding of the evolution of gene regulation. The Adh gene of Drosophilidae shows interspecific differences in tissue-specific expression and transcript levels during development. In Scaptodrosophila lebanonensis adults, the level of distal transcripts is maximal between the fourth and eighth day after eclosion and is around five times higher than that in D. melanogaster Adh S . To examine whether these quantitative differences are regulated by sequences lying upstream of the distal promoter, we performed in vitro deletion mutagenesis of the Adh gene of S. lebanonensis, followed by P-element-mediated germ-line transformation. All constructs included, as a cotransgene, a modified Adh gene of D. melanogaster (dAdh) in a fixed position and orientation that acted as a chromosomal position control. Using this approach, we have identified a fragment of 1.5 kb in the 5Ј region, 830 bp upstream of the distal start site, which is required to achieve maximal levels of distal transcript in S. lebanonensis. The presence of this fragment produces a 3.5-fold higher level of distal mRNA (as determined by real time quantitative PCR) compared with the D. melanogaster dAdh cotransgene. This region contains the degenerated end of a minisatellite sequence expanding farther upstream and does not correspond to the Adh adult enhancer (AAE) of D. melanogaster. Indeed, the cis-regulatory elements of the AAE have been identified by phylogenetic footprinting within the region 830 bp upstream of the distal start site of S. lebanonensis. Furthermore, the deletions ⌬-830 and ⌬-2358 yield the same pattern of tissue-specific expression, indicating that all tissue-specific elements are contained within the region 830 bp upstream of the distal start site.
T HE expression and regulation of the alcohol dehyhancer (AAE; Posakony et al. 1985) and the Adh larval drogenase (Adh) gene has been extensively studied enhancer (ALE; Corbin and Maniatis 1990). The AAE in Drosophila melanogaster and other Drosophilidae spedrives transcription from the distal promoter with low cies with different gene organizations. The ancestral levels of transcript accumulating transiently in midstage gene organization, which is present in Scaptodrosophila embryos and in late third instar larvae (Savakis et al. (Juan et al. 1994) , in Idiomya Heberlein and Tjian 1988) . Upon eclosion, and , in the subgenus Sophoalso within the first hour of adult life, the level of distal phora, and in the virilis group of the subgenus Drosophtranscript increases dramatically, and it remains high ila (Nurminsky et al. 1996) , has two promoters, as inithroughout most of adult life (Savakis et al. 1986 ). tially described in D. melanogaster (Benyajati et al.
The cis-regulatory elements of the AAE have also been 1983). In the repleta group of the Drosophila subgenus, identified functionally in the Adh-2 gene of D. mulleri some species possess two linked single-promoter Adh and by phylogenetic footprinting (comparison of nongenes that are differentially expressed during developcoding sequences) in other Drosophila species (Sulliment in a manner that parallels the differential pro- van et al. 1990; Juan et al. 1994; Nurminsky et al. 1996) . moter use in D. melanogaster (Batterham et al. 1983;  The Drosophilidae species with a two-promoter orgaFischer and Maniatis 1985). Recently, it has been nization share a common pattern of transcription of shown that the Adh gene of D. funebris has only one the Adh gene from the proximal and distal promoter functional promoter active in both larvae and adults in the larval and adult fat body, respectively. However, (Amador and Juan 1999; Amador et al. 2001) .
differences have been reported in the pattern of expresIn D. melanogaster, the two promoters are tissue spesion from each promoter in tissues other than the fat cific and temporally regulated by the Adh adult enbody in Idiomya and in the mRNA profile throughout development in Scaptodrosophila (Juan et al. 1994) . is transcribed mainly from the distal promoter and the Plasmid construction: All constructs were generated using the P-element vector pUChsneo (Steller and Pirrotta maximal level of transcript is achieved between 4 and 1985) or with a modified version lacking the Sal I restriction 8 days after eclosion. This level is five times higher (per site, but containing the additional restriction sites XbaI, KpnI, microgram of total RNA) than that of a strain of D.
and NotI in the multiple-cloning site. Five deletions (⌬-6431, melanogaster homozygous for the ancestral allele Adh S ⌬-2358, ⌬-1264, ⌬-830, and ⌬-93) upstream of the distal pro- (Juan et al. 1994) . Differences between these two species moter of the S. lebanonensis Adh gene were constructed, using are also observed in the pattern of Adh gene expression a 12-kb XbaI clone (accession nos. X53429 and X63716) and a 5986-bp HincII-HindIII clone (accession no. AJ300179) that in several tissues.
contains the fragment HincII-XbaI upstream of the distal proThese interspecific differences are likely caused by moter. The different deletions were constructed by digesting differences in the regulation of gene expression and with appropriate enzymes, isolating suitable fragments, modiour goal is to determine whether there have been evolufying ends where necessary, and ligating the fragments to tionary changes that result in quantitative interspecific produce the different pUChsneo constructs used in P-elementmediated transformation. Deletion ⌬-2358 was constructed differences at the transcriptional level. Interspecific using exonuclease ExoIII due to the lack of an appropriate comparisons show that regulatory sequences involved in restriction site in this region. chromatin organization and transcriptional regulation All constructs have, at the same position and in the same occupy a much larger fraction of the genome than the orientation, an XbaI-Bal I fragment isolated from the pRI4.8 sequences coding for proteins (Fickett and Wasserplasmid (Benyajati et al. 1987) (Rubin and Spradling 1982) . The DNA can be overcome by analyzing a large number of transconcentration of each plasmid was 500 and 100 g/ml, respectively. G0 adults were crossed individually to Canton-S and the G1 genic lines or by using the method of transgene coplaceprogeny were selected on G418-containing medium. Resistant ment (Siegal and Hartl 1996) . This method allows flies were backcrossed to Canton-S, and G2-resistant larvae any two sequences to be positioned at the same site and were analyzed by in situ hybridization on polytene chromoorientation in the genome and greatly enhances the somes (Montgomery et al. 1987) to identify the chromosome detection of quantitative differences in expression beon which the transgene was inserted. Once the chromosomal position of the insertion was identified, adult G2 flies were tween transgenes (Siegal and Hartl 1998 GAA-3Ј; reverse primer, 5Ј-CAT GAG CAG GAC CTC CAG CT-3Ј), and for the 28S gene of both species (5Ј-TGG AGT respectively. AEF1 and cEBP binding sites were identi-higher than that of a strain of D. melanogaster with the ancestral allele Adh S , and the sequences homologous to the cis-regulatory elements of the AAE have been identified within the 830 bp upstream of the distal start site, we wanted to identify the 5Ј flanking sequences that have a quantitative effect on the Adh mRNA content of S. lebanonensis. D. melanogaster flies transgenic for five different constructs were generated by P-element-mediated transformation. The constructs differ in the size of the 5Ј region of the S. lebanonensis Adh gene. Figure  1B shows the five S. lebanonensis Adh deletions used in the constructs. Each deletion has been named according to the size of the Adh region upstream of the distal start site.
Deletion ⌬-6431 contains the entire sequenced 5Ј region (6431 bp from the distal start site) that includes a 4.5-kb minisatellite sequence composed of a 75% A-T rich, by an XmnI site ( Figure 1A ). These two arrays, which identified by phylogenetic footprinting. The arrowed box indicates a minisatellite sequence (4.5 kb), which is divided into are capable of forming a fold-back structure, contain two arrays separated by an XmnI site (at Ϫ3195) and inverted only the distal TATA and 61 nucleotides upstream.
Each construct also carries the modified D. melanogaster Adh gene (dAdh) that has been used as a chromofied at Ϫ647/Ϫ629 and Ϫ257/Ϫ242, respectively, with a somal position control ( Figure 1B ). The dAdh version high similarity to the corresponding elements of D. mulhas the adult enhancer, the two promoters, and a coding leri (78 and 92%, respectively). A sequence 94.7% simiregion partially deleted in the second exon to obtain an lar to the FTZ-F1/DHR39 binding site of D. melanogaster inactive enzyme (see materials and methods). These was identified at Ϫ252/Ϫ232. Interestingly, in S. lebanoconstructs allow us to quantify the mRNA of the S. lebanonensis, the putative cEBP site overlaps the FTZ-F1/ nensis Adh gene relative to the dAdh mRNA content in DHR39 binding site, as in the D. mulleri Adh-2 regulatory each transgenic line, to avoid potential variation due to region. position effects. Moreover, the lack of a D. melanogaster The same sequences were also identified by the Bestfit ADH enzyme activity allows us to determine the tissue algorithm in the comparisons between the Adh gene of specificity of the . We also used the Ϫ660 and Ϫ146; McKenzie and Brennan 1998) and D.
mRNA content of the rp49 gene of D. melanogaster as an virilis (between Ϫ300 and Ϫ1; Nurminsky et al. 1996) . endogenous control. The spacing between the elements and their distance from
The number of transgenic lines analyzed for each the distal transcription start site vary among species.
construct is given in Figure 1B . The transgenic lines Functional analysis of the 5 region: Since the Adh were examined by Southern analysis to verify the construct they carried and by electrophoresis in starch gel mRNA content of S. lebanonensis adult flies is five times to confirm that only the S. lebanonensis ADH active enoverlap. In contrast, significant differences are observed in the expression of the S. lebanonensis Adh gene between zyme was detected (data not shown).
The level of distal transcripts from the Adh transgene ⌬-93 and all the other constructs. These results indicate that some important cis-regulatory elements required of S. lebanonensis and the D. melanogaster dAdh cotransgene were quantified by RNase mapping. Figure 3 shows for the expression of the Adh gene of S. lebanonensis are localized in the region between 93 and 830 bp upstream a representative RNase mapping experiment performed with some transgenic lines of each construct. The riboof the distal transcription start site. The effect of these cis-elements is strong enough to be independent of posiprobe used for S. lebanonensis Adh, which simultaneously maps transcripts from the distal and the proximal protion effects. However, quantitative contributions of the moter, reveals that ‫%78ف‬ of the Adh transcripts in 8-day-old adults of this species originate from the distal start site. The riboprobe for D. melanogaster Adh maps only the transcript from the distal promoter and the riboprobe for rp49 maps the endogenous transcripts. A transgenic line for the deletion ⌬-830 without the dAdh gene (lane labeled ⌬-830a in Figure 3 ) was used as a control and, as expected, shows no transcripts for the endogenous Adh fn6 of D. melanogaster when simultaneously probed with the Adh riboprobes of both species. In Figure 3 , the brackets indicate the protected fragments that were quantified by scintillation counting to determine the amount of mRNA.
The contents of distal transcripts from S. lebanonensis Adh and D. melanogaster dAdh transgenes show a high, positive correlation with genomic position in transformed flies: Figure 4A shows the mean expression profile, in 8-day-old adults, of the D. melanogaster and S. lebanonensis Adh genes relative to the endogenous con- structs, since the error bars of the different constructs transgenes at the same position would argue against LSPE and, therefore, the expression level of the cotransgene could be used as a position control.
For each construct except ⌬-93, the mRNA content of S. lebanonensis Adh and D. melanogaster dAdh transgenes was strongly and significantly correlated (r ⌬-6431 ϭ 0.952, n ϭ 15; r ⌬-2358 ϭ 0.950, n ϭ 6; r ⌬-1264 ϭ 0.736, n ϭ 17; r ⌬-830 ϭ 0.951, n ϭ 13, P Ͻ 0.001; Figure 5 ). The lack of correlation in the ⌬-93 construct (r ϭ Ϫ0.128, n ϭ 12, P ϭ 69.06) is explained by the fact that the lines carrying this construct have only basal expression of the Adh gene of S. lebanonensis since there are only 61 nt upstream of the TATA box and most of the required cisregulatory elements are missing. The strong correlation detected in the constructs longer than ⌬-93 indicates that genomic position affects the expression of both transgenes in the same way and consequently validates our approach.
Quantitative effect of the different deletions on the expression of the Adh gene of S. lebanonensis: Figure  4B shows the expression profile of the S. lebanonensis Adh gene normalized to the mRNA content of the D. melanogaster dAdh cotransgene. The results in Figure 4B indicate that the deletion to 93 bp upstream of the TATA nearly abolishes the expression of the gene, whereas the addition of increasing lengths of DNA is accompanied by a significant increase in the Adh mRNA content of S. lebanonensis. The quantitative effect of the different constructs was statistically tested by fitting a general linear model relating the relative mRNA content of S. lebanonensis Adh to the predictive factors, con- nificant differences among the constructs except between ⌬-2358 and ⌬-6431, indicating that the region from 93 to 2358 bp upstream of the distal start site accounts for other regions are masked by the chromosomal position effect and thus cannot be elucidated without a chromothe maximal transcriptional activity of the Adh gene of S. lebanonensis from the distal promoter, at least in the some position control.
To use the dAdh cotransgene as a position control background of D. melanogaster. Since the two transgenes are included in the same gene, it is necessary to determine whether genomic position similarly affects the expression of both transgenes.
construct, it can be argued that the regulatory regions of each transgene affect each other's expression simultaIt has been proposed that the expression of two genes at the same chromosomal position could be differently neously. However, different observations point away from this argument. First, the basal expression of the S. lebanoaffected by unique interactions between each gene and the genomic milieu. This effect has been defined as linnensis transgene in the construct ⌬-93, which carries the TATA box and 61 nt upstream, argues against any effect eage-specific position effect (LSPE; Siegal and Hartl 1998) . LSPE would preclude the comparative analysis of the D. melanogaster AAE on the S. lebanonensis promoter. Thus it seems reasonable to assume that the AAE of genes located in the same chromosomal position. However, a high correlation in gene activity between does not affect the S. lebanonensis Adh expression in the (Juan et al. 1994) .
the ratio of S. lebanonensis Adh mRNA content to dAdh To confirm the former result, we quantified again the mRNA of D. melanogaster is ‫5.3ف‬ in the transgenic lines amount of mRNA by real-time quantitative PCR, using with the two longest constructs ( Figure 4B ). samples from the same RNA extractions from 8-day-old adults of 3 lines for each construct. The results are shown in Figure 4B . The statistical analysis (five con- plained by the fact that real-time quantitative PCR re-The higher expression of the S. lebanonensis transgene individuals although it has not been described in either of the two species. In the female reproductive system relative to the dAdh cotransgene indicates that there are sequences in its regulatory region that contribute there is activity in the anterior half of the ovarioles and in the oviduct. We did not detect differences in the to the differences in transcriptional activity between both species. It can be argued, however, that the dAdh pattern of the S. lebanonensis Adh expression among the constructs ⌬-830, ⌬-1264, and ⌬-6431 (Figure 7 ). Howgene is expressed at a lower level than the wild-type gene of D. melanogaster due to its modification. To address this ever, the number of individuals with ADH activity in each tissue increases with the length of 5Ј flanking repoint, we have compared the amount of distal dAdh mRNA relative to rp49 mRNA in all transgenic lines gion.
These results indicate that the cis-elements required (0.4 Ϯ 0.19) with the relative amount of distal Adh mRNA in two strains homozygous for the fast allele for tissue-specific expression are located in the 830 bp upstream of the distal transcription start site. The pat-(1.2 Ϯ 0.19) and in one strain homozygous for the slow allele (0.5 Ϯ 0.04). These results indicate that the mean tern of S. lebanonensis Adh expression in the cardia and in the seminal vesicles, which is more similar to that of level of dAdh mRNA in the transgenic lines is similar to that of the strain with the ancestral allele Adh S and D. melanogaster, might indicate differences in the chromatin accessibility or/and in the availability of transcripsupport the suggestion that the Adh gene of S. lebanonensis is transcribed at a higher rate than the gene of tion factors in both organs of the two species. D. melanogaster due to differences in its regulatory regions. DISCUSSION We confirmed the difference in mRNA content between wild-type adults of both species, first determined Enhancer sequences required for temporal and tissue specificity of Adh gene expression in adults have been by Northern analysis, using real-time quantitative PCR. We performed this analysis using the 28S gene as a delimited in several Drosophila species. Phylogenetic footprinting allowed us to identify several sequences in reference, instead of the rp49 gene, because the sequence of the rp49 gene of S. lebanonensis is not available S. lebanonensis, between 692 and 232 bp upstream of the distal start site, homologous to the cis-regulatory and the primers used for PCR amplification in D. melanogaster yielded no product in S. lebanonensis. The reelements previously characterized in D. melanogaster and D. mulleri (Abel et al. 1992 ; Ayer and Benyajati 1992; gion of the 28S gene chosen to design the primers and Taqman probe for real-time quantitative PCR is 100% Falb and Maniatis 1992a,b; Ayer et al. 1993) . The same sequences were also identified in the comparisons identical in both species. The result of this analysis shows that the content of distal Adh mRNA of S. lebanobetween the Adh gene of S. lebanonensis and those of D. affinidisjuncta (between Ϫ660 and Ϫ146) and D. virilis nensis is 5.85 Ϯ 1.75 higher than that in D. melanogaster Canton-S, which is a similar value to that obtained by (between Ϫ300 and Ϫ1).
As expected, the deletion from Ϫ830 to Ϫ93 produces Northern analysis.
The fragment of 830 bp upstream of the distal trana decrease of 20-fold in the S. lebanonensis mRNA content of transgenic lines (Table 1) . Furthermore, these sescription start site encompasses the cis-acting sequences required for the nearly wild-type pattern of tissue-spequences allow nearly wild-type tissue-specific expression ( Figure 7) . However, the expression of the Adh gene of cific expression: ADH activity was detected by histochemical staining of whole organs of 4-day-old adults S. lebanonensis relative to the cotransgene dAdh revealed that additional sequences farther upstream are required (males and females) in three transgenic lines of each construct. The analyzed tissues were those that showed for maximal transcriptional activity from the distal promoter. Sequence elements from Ϫ830 to Ϫ1264 lead ADH activity in either of the two species (Ursprung et al. 1970; Juan et al. 1994) .
to a 2-fold increase in mRNA transcripts and the segment from Ϫ1264 to Ϫ2358 leads to an additional inThe construct ⌬-93 showed only basal activity in mid midgut and ovarioles ( Figure 6 ) as expected if the ciscrease of 1.5-fold (Table 1) . A detailed sequence analysis of the region from Ϫ1264 to Ϫ830 has not revealed any acting sequences of S. lebanonensis driving the tissuespecific expression have been deleted. The constructs previously characterized element that may be responsible for the rise in Adh transcriptional activity. However, ⌬-6431 (Figure 6 ), ⌬-1264, and ⌬-830 showed activity in the fat body and in the tissues summarized in Figure 7 .
upstream of Ϫ1264 we have identified a minisatellite region (Orengo et al. 2004) . Repetitive sequences are In the cardia, the pattern of Adh expression in transgenic flies is different from the wild-type pattern of both not present upstream of the Adh gene in the sequenced genomes of D. melanogaster and D. pseudoobscura, nor species, although more similar to that of D. melanogaster (Figure 7) . Along the gut, ADH activity is always lower have they been described upstream of the Adh genes sequenced in other Drosophila species. The construct than that in either of the two species. The seminal vesicles of the male reproductive system showed activity, as ⌬-2358 encompasses 69 repeats; 26 of them show the consensus sequence, while the rest have different substituobserved in D. melanogaster but not in S. lebanonensis. We observed ADH activity in the testis of some transgenic tions. Interestingly, the repeats degenerate as they reach the 3Ј end close to the BamHI site (construct ⌬-1264). A a minisatellite-like sequence has positive or negative effects on the transcription of a gene. The difference in measure of this degeneration is given by the average of changes per nucleotide between the minisatellite setranscriptional activity between long and short variable number of tandem repeat minisatellite alleles is twofold quence and a sequence of the same length composed of the consensus dodecanucleotide. The value for the in the human insulin gene (Krontiris 1995) and in the nearby insulin-like growth factor (IGF2) the long stretch from Ϫ3195 ( Figure 1A , XmnI) to Ϫ2359 is 0.069 while the value for the stretch from Ϫ2358 to Ϫ1350 is alleles have nearly half the activity of the short alleles in human placenta both in vivo and in vitro (Paquette et al. 0.107. These two values are significantly different (P Ͻ 0.01). The most degenerated part of this minisatellite 1998). In addition, a minisatellite-like sequence contributes significantly to the enhancer activity of the mts/ region confers the maximal transcriptional activity of the gene. One hypothesis could be that the higher sub-S100A4 mouse gene via interaction with abundant proteins described as minisatellite-binding proteins (Cohn stitution rate in this stretch of sequence might have been responsible for appearance of new binding sites et al. 2001 ). In our case, the effect does not appear to depend on a number of repeats higher than 69 since for transcription factors and/or proteins that maintain an open chromatin configuration, increasing the tranno significant differences are observed between constructs ⌬-6431 (365 repeats) and ⌬-2358 (69 repeats). scriptional activity of the gene. We have also identified a T-box at Ϫ1380, described to be associated with scaffoldMoreover, the minisatellite sequence appears not to have any kind of barrier effect, since the expression of associated regions (SARs; Gasser and Laemmli 1986). It has been suggested that SARs would attract the putathe Adh gene of S. lebanonensis is position dependent in all transgenic lines. tive D-proteins and facilitate the opening of the chromatin (Laemmli et al. 1992) .
The sequences between Ϫ2358 and Ϫ830 might also produce the 3.5-fold difference in the level of distal Although it remains to be proven which sequence elements within the region from Ϫ1264 to Ϫ2358 are transcripts between S. lebanonensis and D. melanogaster Adh genes. According to our experimental results, the associated with the increase of transcriptional activity, some cases have been reported where a minisatellite or control gene dAdh and the ancestral allele Adh S are Figure 7 .-Histochemical staining of tissues from wildtype D. melanogaster, S. lebanonensis, and transformed adults. These results are a compilation of the histochemical staining of at least 10 adults, including both sexes, obtained from three transgenic lines of each construct. A "ϩϩ" was scored when staining was present in all specimens, a "ϩ" when more than one but not all specimens showed staining, and a "Ϫ" when no specimen showed staining; b, basal activity. The symbol in the CA column represents the Adh spatial expression pattern in cardia; CA, cardia; CR, crop; AMG, anterior midgut; MMG, mid midgut; PMG, posterior midgut; AHG, anterior hindgut; PHG, posterior hindgut; MT, Malpighian tubules; R, rectum; OV, ovarioles; SV, seminal vesicle; ED, ejaculatory duct; T, testis. tern of tissue-specific expression, although a region recent review on models for the evolution of functional
